Residents in the marine intertidal, the zone where terrestrial and marine habitats converge, inhabit an environment that is subject to both the 24-h day and night daily rhythm of the terrestrial earth and also the 12.4-h ebb and flow of the tidal cycle. Here, we investigate the relative contribution of the daily and tidal cycle on the physiology of intertidal mussels, Mytilus californianus, by monitoring rhythms of gene expression in both simulated and natural tidal environments. We report that >40% of the transcriptome exhibits rhythmic gene expression, and that depending on the specific tidal conditions, between 80% and 90% of the rhythmic transcripts follow a circadian expression pattern with a period of 24 to 26 h. Consistent with the dominant effect of the circadian cycle we show that the expression of clock genes oscillates with a 24-h period. Our data indicate that the circadian 24-h cycle is the dominant driver of rhythmic gene expression in this intertidal inhabitant despite the profound environmental and physiological changes associated with aerial exposure during tidal emergence.
Residents in the marine intertidal, the zone where terrestrial and marine habitats converge, inhabit an environment that is subject to both the 24-h day and night daily rhythm of the terrestrial earth and also the 12.4-h ebb and flow of the tidal cycle. Here, we investigate the relative contribution of the daily and tidal cycle on the physiology of intertidal mussels, Mytilus californianus, by monitoring rhythms of gene expression in both simulated and natural tidal environments. We report that >40% of the transcriptome exhibits rhythmic gene expression, and that depending on the specific tidal conditions, between 80% and 90% of the rhythmic transcripts follow a circadian expression pattern with a period of 24 to 26 h. Consistent with the dominant effect of the circadian cycle we show that the expression of clock genes oscillates with a 24-h period. Our data indicate that the circadian 24-h cycle is the dominant driver of rhythmic gene expression in this intertidal inhabitant despite the profound environmental and physiological changes associated with aerial exposure during tidal emergence.
T he biology of organisms is closely linked to temporal changes in their environmental surroundings. The earth, revolving every 24 h, exposes animals to highly predictable daily patterns of light and temperature. To match these cycles, most living organisms have evolved biological rhythms that are manifest in daily patterns of behavior and physiology. These biological rhythms are accompanied by large-scale oscillations in gene expression that regulate the timing of many physiological processes (1) . For inhabitants of the intertidal, superimposed on this daily cycle are environmental changes linked to the tidal cycle (2) . In this paper we explore how environmental changes in this habitat are transduced into coordinated changes in physiological processes by examining gene expression cycles in a sessile intertidal inhabitant, the California ribbed mussel, Mytilus californianus Conrad.
Results and Discussion
To investigate biological rhythms in intertidal inhabitants, we created a simulated intertidal environment in which mussels were acclimated to alternating high and low tides of 6-h duration, with a 12-h cycle of light and dark. Gill samples from four mussels per time point were collected every 2 h for 96 h, covering eight high tides and eight low tides. The simulation allowed the effects of aerial warming, such as occurs during low tide on a sunny day, to be tested. On day 4 (at the 80-h time point), a warm low tide was simulated in which body temperature was allowed to increase by 7°C compared with the normal low tide temperature (Fig. 1A) .
Relative transcript abundance was measured by hybridization to microarrays, and in the first instance, we identified rhythmically expressed transcripts across the entire 96-h time series using the JTK_CYCLE algorithm (3). At a false discovery rate of <0.05, 2,756 transcripts were found to oscillate with a period of between 10 and 28 h. Two groups of rhythmic transcripts were identified: one group that oscillated with a period of 12 h, and a larger group that oscillated at longer periods with a broad peak centered at 26 h (Fig. 1B) . Just 236 transcripts oscillated with what we defined as a tidal rhythm of 10-14 h, whereas 2,365 transcripts followed what we defined as a circadian rhythm of 22-28 h. Thus, there were ∼10-fold more transcripts whose rhythm followed a circadian pattern rather than that of the simulated tidal cycle. A similar pattern was detected when the data were analyzed using a second algorithm, COSOPT (4) (Fig. S1) . Analysis of the phase of the transcripts that comprised the 12-and 26-h peaks, that is to say the time of day at which expression is highest, reveal that the expression of tidal transcripts tends to peak at the middle of low tide (Fig. 1C) , whereas the peak phase of circadian transcripts occurs at dusk and coincides with the first hour of darkness (Fig. 1D) . Inspection of a heat map, with the rhythmic expression of each transcript sorted according to phase, shows that circadian transcripts fall into two groups that share similar phases, one expressed around dawn and the other at dusk ( Fig. 2A) . This pattern is similar to the circadian rhythm observed in plants (5) and contrasts that of mammals in which circadian transcripts show limited bias for phase and peak at all times of the day (6).
Effect of Temperature on Circadian and Tidal Rhythms. As an ectotherm, the body temperature of mussels fluctuates with that of the environment. The ebb and flow of the tide can create thermal cycles, with body temperature at low tide often increasing during the day due to solar heating (7, 8) , and declining at night due to colder air temperatures. To investigate the role that a low tide heating episode would have on gene expression rhythms, we imposed a modest heating episode of +7°C during a low tide on the fourth day of the simulation, and identified a subset of 636 transcripts that lost their periodicity in the time following the heating episode ( Fig. 2 B and C) . In total, we identified 374 and 2,863 transcripts with a tidal or circadian period, respectively, after merging the lists of genes that were periodic over the entire time course, as well as those that lost their periodicity due to heating. Proportionally, tidal transcripts were more affected by heating than circadian transcripts, with 37% of tidal transcripts affected (138/374 transcripts) compared with just 17% of circadian transcripts (498/2,863 transcripts; Fig. 2B ). This finding may indicate that the regulatory mechanisms underlying the circadian cycle of mussels is able to compensate better for temperature changes than the pathway that controls tidally regulated gene expression. The data also revealed that moderate heating has a profound effect on gene expression, and 24% of the transcriptome (2,484/10,410 transcripts) exhibited a significant change in expression in the 18 h that followed the onset of the low-tide warming episode (Fig. S2) . Elevated environmental temperatures have been shown to have deleterious effects on intertidal mussels, particularly in the context of thermally in- This article is a PNAS Direct Submission.
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This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10. 1073/pnas.1111076108/-/DCSupplemental. duced protein denaturation (9), and our data indicate that temperature perturbations have further consequences through their effect on the biological rhythms of intertidal inhabitants.
Clock Genes Oscillate with a Circadian Rhythm in the Intertidal.
Circadian oscillations in gene expression have been observed in a wide range of organisms, including mammals (10), plants (11) , and flies (12), and are regulated by a set of so-called "clock"
genes which comprise a set of core circadian oscillators that activate the transcription of a range of target genes (1), and are themselves often rhythmically expressed (6) . To explore the expression patterns of clock genes in mussels, we identified mussel orthologs for the mammalian clock genes CLOCK, BMAL, CRY1, and RORB by sequencing the M. californianus transcriptome. We monitored their expression under our simulated tidal conditions using quantitative reverse-transcriptase PCR Representation of the environmental conditions used in the simulated tidal environment. Animals were sampled every 2 h starting at 7:00 AM. Animals were emerged during low tides, which occurred from 12:00 AM to 6:00 AM and from 12:00 PM to 6:00 PM, whereas sunrise and sunset occurred at 6:00 AM and 6:00 PM. At 80 h the mussels were warmed to 24°C during low tide. (qRT-PCR) which revealed that the expression of CRY1 and RORB (NR1F2) was rhythmic (P < 0.05, JTK_CYCLE; Fig.  2D ). Cryptochrome 1 is a key component of the circadian oscillator (13), whereas RAR-related orphan receptor B is a nuclear receptor that coordinates metabolism with the circadian clock (14) . The detection of rhythmic clock gene expression is strong evidence that the core circadian oscillator is active in mussels and thus may play a role in orchestrating the circadian transcriptional cycles that are manifest in mussel gill tissue.
Further evidence that the circadian rhythm detected in mussels shares characteristics with that of mammals comes from the discovery that histone deacetylase 1 (HDAC1) and nicotinamide phosphoribosyltransferase (NAMPT) display a circadian profile in mussels (Fig. 2D ). Circadian control of transcription is believed to be mediated by histone acetylation, regulated in part by HDACs, which by altering the structure of the epigenome can alter the expression of large numbers of genes (15, 16) . Circadian regulation of cellular metabolism is mediated through a feedback loop involving NAMPT, which catalyzes the rate-limiting step in NAD + production (17). Functional Composition of Rhythmic Tidal Transcripts. Analysis revealed that the transcripts up-regulated at low tide (Fig. 3A) were enriched for genes involved in GO biological process category of regulation of transcription (P = 0.005; Table S1 ), whereas no overrepresented themes were detected for the transcripts up-regulated at high tide ( Fig. 3B and Table S2 ). For example, the low-tide list included three early genes, JUN, FOSL2, and IER5L (Fig. 3C) , consistent with their role as genes that respond immediately to an extracellular stimulus, which in the context of this study was aerial emergence. Early genes are regulators of cell proliferation, and the list of low-tide genes includes antiproliferative genes such as GADD45 and BTG1, transcription factors such as CEBPE, DUSP7, MAP4K3, as well as eight zinc finger proteins (Table S1 ). Elevated expression of ceramide kinase and ceramide glucosyltransferase during low tide was further evidence that low tide is a period of increased regulatory activity, because ceramide 1-phosphate is a potent signaling molecule (18) . A number of stress-related proteins were induced at low tide, such as heat shock proteins 70 and 90 (HSP70, HSP90), three apoptosis-inhibiting baculoviral inhibitor of apoptosis (IAP) repeat-containing proteins (BIRC2, BIRC3, BIRC8), and two inhibitors of NF-κB (IκBα, IκBΕ; Fig. 3D ). This observation is consistent with a previous study in which we reported that HSP70 is coexpressed with antiapoptosis genes (19) , suggesting either that aerial exposure is perceived as an inducer of cell stress by mussels, or that this expression program is anticipatory, induced in preparation for heat stress, which can occur at low tide. Anticipatory programs of heat shock and cold shock protein expression in mornings and evenings respectively have been reported in mammals (20, 21) , suggesting that transcriptional programs that anticipate temperature regimes might be conserved ancestral traits.
During low tide, M. californianus, like most bivalves, close their shells, enter hypoxia, and switch to anaerobic metabolism (22) , and our data revealed a number of transcripts whose expression could be linked to hypoxia. For example, we observed that transcript levels of two isoforms of carbonic anhydrase (CA2, CA13) were elevated during low tide (Fig. 3E) . Members of this gene family are hypoxia inducible in mammals (23) , and their induction at low tide suggests that they may play a functional role in counteracting tissue acidosis that has been reported during emergence (24) by catalyzing the conversion of CO 2 and protons to bicarbonate. Transcripts for cAMP-responsive element binding protein-like 2 (CRBL2) exhibited particularly robust tidal oscillations (Fig. 3F) , suggesting that the cAMP-dependent pathway is activated during aerial emergence, consistent with the role of cAMP as a signal of redox state (25) and as a key signaling molecule in bivalves (26) .
Concordance Between Simulated and Field Intertidal Environments.
Next, we sought to verify that the rhythms of gene expression observed under simulated tidal conditions are evident under natural tidal regimes in the marine environment. To accomplish this, mussels were acclimatized in the field to midintertidal conditions, which ensured that mussels spent approximately half the duration of each tidal cycle submerged and half emerged ( Fig. 4A and Fig. S3 ). Gill samples from four mussels per time point were collected every 2 h for 50 h, and a search for periodic genes identified 697 rhythmic transcripts, of which 72 exhibited a tidal periodicity of 10-14 h, and 501 exhibited a circadian rhythm of 22-28 h. A priori, we predicted that transcripts in the field would not exhibit a constant tidal period because the time and height of each high and low tide shifts with each tidal cycle (Fig.  4A ). Despite this, 28 of the 72 transcripts that exhibited a statistically significant 10-to 14-h period in the field also exhibited . Transcripts are ordered with respect to the relative change in expression they exhibit following the heating episode at 80 h. Rhythmic expression of (C) early genes, (D) NF-κB inhibitor genes, (E) carbonic anhydrase genes, which exhibit peak expression during low tide, and (F) CRBL2, whose transcript accumulates during low tide quantified by both microarray and qRT-PCR.
a tidal rhythm in the simulation study (Fig. 4B and Table S3 ). Closer inspection of the field data revealed that a number of the transcripts that were identified as tidal in the simulated experiment displayed rhythmic transcriptional oscillation in the field, and that their profile matched the tidal cycle observed in the field. Using the profile of these transcripts as a guide, we identified an additional 37 transcripts whose expression follows a tidal rhythm in the field, yielding a total of 109 tidal genes. Thus, there are >4× as many genes that follow a circadian vs. a tidal rhythm at this particular intertidal location. Overall, we identified fewer rhythmic transcripts in the field time-course compared with the laboratory simulation; we speculate that this is attributable in part to the higher temperature variation, which can affect the periodicity of some transcripts, as evident in our simulated dataset. The alternating bouts of submergence and aerial emergence represent candidate cues responsible for the tidal pattern of rhythmic gene expression. To investigate this we collected a corresponding set of gene expression data from field animals that were held under subtidal conditions of almost constant temperature (16-17°C) and that never experienced aerial emergence (Fig. 4C) . These data revealed that just 41 transcripts exhibited an expression cycle with a tidal period, of which just one transcript overlapped with those identified as tidal in both the simulated or field intertidal datasets ( Fig. 4D and Table S4 ). These data support the hypothesis that the dominant driver of tidal gene expression rhythms is the episodes that intertidal inhabitants spend in and out of the water. In contrast, the molecular signature of subtidal animals was dominated by a pattern of circadian gene expression with over twice as many genes exhibiting a circadian rhythm in subtidal vs. intertidal field animals (1,224 vs. 501 transcripts respectively). Interestingly, the heat maps reveal that the phase of circadian gene expression was similar in both subtidal and intertidal field mussels, suggesting that the same cues may be driving circadian expression cycles in both habitats.
Combining the lists of rhythmic transcripts identified under both simulated and natural field conditions revealed that >40% of gill transcripts exhibited rhythmic gene expression in at least one of the environmental conditions studied (3,934 and 476 transcripts with circadian or tidal rhythms, respectively, of 10,410 total transcripts; Fig. 4D ). These data indicate that though some transcripts show rhythmic expression in all of the datasets, others are only rhythmic under specific conditions. The source of this variability is unclear, but results obtained in other organisms have reported similar findings of interlaboratory and interexperimental variation in circadian gene expression (27) . For example, studies on Arabidopsis have revealed that 89% of the transcriptome cycles under at least one set of environmental conditions, but that <51% of the transcriptome cycles in any single experiment, and that <1% of transcripts cycle in every experiment (5) . Together with similar findings in mammals (6, 20) , it has become clear that circadian cycles of gene expression are driven by endogenous internal clocks, local or systemic cues, and external environmental factors (1) . In the case of the current study, differences in the lists of cycling transcripts are most likely attributed to differences in the prevailing environmental factors in each of the habitats studied. For example, the temporal separation between low and high tide was abrupt in the simulated experiment with mussels being either submerged or emerged, whereas wave action in the field ensures that the delimitation between high and low tide is more diffuse, and mussels may experience alternating bouts of submergence and aerial emergence with each passing wave. Similarly, tidal cycles in the field were often superimposed by thermal cycles, resulting in significant day-to-day and tide-to-tide variation in environmental conditions.
Conclusions
Previously we have reported that high-intertidal mussels that experience a single brief episode of submergence per day exhibit temporal compartmentalization of their physiological processes, alternating between states of metabolism, cell division, or thermal stress (19) . In the current study we examined mussels living under relatively benign tidal conditions to reveal that most rhythmic gene expression adheres to a 24-h cycle. This finding is surprising given that each episode of aerial emergence is associated with profound physiological changes, including physiological hypoxia and a cessation of cardiac activity (22) . We do not know the extent to which either the circadian or tidal transcriptional rhythms observed in our data are entrained and will persist in the absence of external cues. A number of intertidal organisms, particularly crustaceans, display entrained behavioral rhythms that follow persistent circadian (28) and tidal patterns (29, 30) even when held under constant conditions. Similarly, mussels are reported to show entrained tidal patterns of cell division (31) . These findings have led to questions regarding the existence of a tidal clock and the nature of its regulation, with some data suggesting the presence of a circatidal clock with a period of 12.4 h (28), and other data supporting an alternative hypothesis that postulates that two circalunidian clocks with 24.8-h periods running in antiphase to one another could generate peaks in activity every 12.4 h (32) . Though the molecular basis of the tidal clock remains to be elucidated (2), our observation that two clock genes, CRY1 and RORB, exhibit a circadian cycle suggests that the circadian clock apparatus is not co-opted to oscillate with a tidal rhythm in mussels.
The abundance of circadian transcripts raises questions regarding the nature of the zeitgeber or exogenous cue that is responsible for synchronizing the mussel's transcriptional rhythm to the 24-h rotation of the earth. The general consensus is that bivalves possess photoreceptor cells (33) and will respond to light (34) , and so we speculate that light is the most plausible exogenous cue for synchronizing the mussel's transcriptional rhythm to the 24-h rotation of the earth. Further experiments that include light/dark and tidal manipulations will be required to elucidate further the nature of endogenous rhythms in intertidal organisms and their relationship to environmental cues. Overall, our results emphasize the central role that the circadian rhythm plays in physiology, even in organisms that experience strong subdaily external cues arising from the tidal cycle.
Materials and Methods
M. californianus were acclimated to laboratory-simulated or natural tidal cycles for >4 wk before sampling. Pooled total RNA was prepared from four mussels sampled at 2-h intervals, amplified, and hybridized to cDNA microarrays. Periodic transcripts were detected using JTK_CYCLE (3). Overrepresented classes of genes were identified using DAVID (35) by mapping the mussel sequences to their putative human orthologs. Full details of the methods used can be found in SI Materials and Methods.
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